Introduction
One of the primary concerns of a family receiving a new genetic diagnosis is prognosis. In the case of a diagnosis of 18q-, providing prognostic information is particularly challenging. The term "18q-" encompasses a collection of unique deletions. High-resolution aCGH of now over 290 people has shown that no two unrelated individuals with terminal or interstitial deletions of 18q have the same breakpoints (Heard et al. 2009 ). While the extreme genotypic variability is helpful in discovering genotype-phenotype correlations, this heterogeneity presents a unique challenge in the clinical description of this condition. Because 18q-is fundamentally defined by genotype and not by any clinical manifestations, it cannot be considered a "syndrome" in the classic sense of the word. With no common genotype, it is impossible to provide a description of the "typical" phenotypic effects of 18q deletions.
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The challenge of providing a clinical description for large chromosomal rearrangements such as 18q-can be illustrated with the dysmyelination phenotype. This phenotype is a common feature in individuals with 18q-. We have completed MRI's on 88 individuals with 18q-, and 90 % have dysmyelination of the central nervous system (Cody et al. 2009a ). However, this does not mean that everyone with an 18q deletion has a 90 % chance of having dysmyelination. In actuality, everyone with a hemizygous deletion that includes the dysmyelination critical region has this finding. Individuals not hemizygous for the critical region do not have dysmyelination. Any summary data about 18q-will be misleading, as only those missing the critical region for dysmyelination are at risk. Therefore, any compilation of the phenotypic features must precisely specify the genotype to be useful to the clinician in providing a prognosis.
Work is ongoing to refine the term "18q-" by subdividing it into several genotypically defined subgroups. First, there is a region in 18q21.1 (43,832,732-45,297,446; hg18) that has never been found to be hemizygous (Heard et al. 2009 ). This presumably hemizygous lethal region serves as a dividing point that creates two distinct groups of individuals with 18q-: proximal and distal deletions (Cody et al. 2007) .
We have further subdivided the distal 18q-description based on the inclusion or exclusion of TCF4 in the deletion. We have previously published data regarding the consequences of TCF4 hemizygosity on the 18q-phenotype (Hasi et al. 2011) . Individuals with deletions inclusive of TCF4 have several features overlapping with those of PittHopkins syndrome. Thus, TCF4 status is an additional datapoint that aids in the stratification of 18q-phenotypes. However, even within the TCF4 +/+ group, there is significant variability, suggesting that there are additional genes that discriminate between phenotypic outcomes. This degree of phenotypic variability is not surprising, given that members of the TCF4 +/+ groups have hemizygous deletions ranging from 700 to 20 Mb.
Despite the significant degree of genotypic variation, there is a small subset of 16 individuals with similar deletions. These individuals have unique breakpoints; however, in terms of the genes involved, they are identical, as their breakpoints are between the same two functional elements. Thus, the extent of the genetic hemizygosity and its location is the same within this group. In relation to our entire cohort of nearly 300 people with distal 18q deletions, this hemizygous deletion is larger than about 40 % of distal 18q deletions and smaller than about 60 % of deletions, meaning that it may be considered an "average" terminal deletion.
Here, we describe the physical and behavioral characteristics of this group, which we call the Distal 18q-reference group. Our goal is to create a description of the physical and developmental characteristics of this group. In addition to providing guidance for individuals with deletions involving the same genes, this will also be useful as a reference point for clinical characterization of the broader group with distal 18q-.
Methods
Participants were enrolled as a part of the Chromosome 18 Clinical Research Center longitudinal study of individuals with chromosome 18 abnormalities. This study was approved by the University of Texas Health Science Center at San Antonio Institutional Review Board and all subjects have participated in a documented informed consent process.
Genotyping was performed on DNA from peripheral blood samples by microarray comparative genomic hybridization (aCGH) using the Agilent system as previously described (Heard et al. 2009 ). Parental origin of the abnormal chromosome was also determined as previously described (Heard et al. 2009 ).
Medical records were gathered and abstracted on all 16 participants in this cohort. Fourteen of the participants were evaluated on-site by our team of investigators; several more than once. The expense of overseas travel prevented two of the participants from participating in the on-site evaluation. The evaluations included audiometric assessment, a dysmorphology exam, and a thorough endocrine evaluation including bone age films, provocative growth hormone stimulation testing, and thyroid and sex hormone levels, when appropriate. In addition, an MRI of the brain was obtained. The details of these assessments have been described previously (Cody et al. 2009b) .
Age appropriate cognitive and behavioral assessments were performed and the instruments used are listed in Supplemental Table 1 . The intellectual scores utilized were obtained using one of the following tests with instrument choice dependent upon the age and ability of the person being tested: Bayley Scales of Infant Development, Second Edition-BISD-II (Bayley 1993) or Bayley Scales of Infant and Toddler Development-Third Edition-Bayley-III (Bayley 2006) , The Differential Abilities Scales-DAS (Elliott 1990) or Differential Abilities Scale-Second Edition-DAS-II (Elliott 2007) , or the Wechsler Adult Intelligence Scale-Third Edition-WAIS-III (Wechsler 1997) or Fourth Edition-WAIS-IV (Wechsler 2008) . All measures of cognitive ability are rigorously standardized instruments with excellent psychometric properties. Internal and testretest reliabilities for the summary cognitive indices used in this study typically range from high 80s to high 90s with all instruments having demonstrated clinical validity with special populations including those with developmental delay and cognitive impairment. Executive functioning or metacognition was examined using the Behavior Rating Inventory of Executive Function, Parent Form-BRIEF (Gioia et al. 2000) or the Behavior Rating Inventory of Executive Function-Adult Version, Informant Report-BRIEF-A (Roth et al. 2005) .
To obtain a measure of adaptive behavior functioning and social emotional development parents completed standardized behavioral questionnaire(s). The choice of behavioral questionnaire was based on the chronological age of the child and included one or more of the following instruments: Vineland Adaptive Behavior Scales (Sparrow et al. 1984) or the Vineland Adaptive Behavior Scales-Second Edition (Sparrow et al. 2005) . Additionally, to investigate the prevalence of maladaptive behavior, parents also completed the Behavioral Assessment System for Children First Edition-BASC (Reynolds and Kamphaus 1992) or Second Edition-BASC-2 (Reynolds and Kamphaus 2004) . All of the behavioral questionnaires chosen are well-normed instruments with demonstrated reliability and validity information provided by the test publishers and by postpublication validation studies.
The probability of autism was assessed by parental report using either the Gilliam Autism Rating Scale-GARS (Gilliam 1995) or the Gilliam Autism Rating Scale-Second Edition-GARS-2 (Gilliam 2006) . On the GARS/GARS-2 the following domains are evaluated: presence of stereotyped behaviors, social interaction problems, developmental delay (present only in the GARS), and communication difficulties. On the GARS, coefficient alpha estimates range from 0.88 for developmental delay to 0.96 for the overall Autism Quotient.
Results

Study sample
Within our cohort of over 290 individuals with chromosome 18q hemizygosity, we identified 16 unrelated participants who had terminal deletions of approximately 17.6 Mb with breakpoints between two consecutive genes: SERPINB8 and CDH7 (59, 807, 568, 468/hg18) . Figure 1 shows the region of the chromosome that includes each of their breakpoints. One individual (18q-62C) within this reference group has a duplication proximal to the breakpoint. This is a common feature of 18q deletion breakpoints and since the duplicated region did not contain any genes, we did not eliminate this person from the reference group (Heard et al. 2009 ).
This reference group included 13 females and three males. Their ages ranged from 2.8 to 27.4 years with nine of the individuals over the age of eighteen at the time of the most recent assessment while two were under the age of 5 years.
The parental origin of the abnormal chromosome in this reference group was similar to the larger cohort with 17 % (2/12) having a deletion of maternal origin in the reference group ( Fig. 1 ) compared with 12 % in the larger cohort (Heard et al. 2009 ). In four individuals, parental origin was not determined for the entire cohort as DNA from both parents was not available.
Clinical findings
The clinical findings of the reference group are listed by individual in Table 1 . There are several features identified n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a − n/a + n/a n/a Growth hormone deficiency − n/a n/a n/a n/a n/a + − n/a n/a n/a + n/a + n/a n/a in more than half of the individuals, including delayed myelination of the brain, foot anomalies, atretic or stenotic ear canals, hypospadias in the males, tapered fingers, flat mid-face, proximally placed thumbs, and congenital heart abnormalities. The foot abnormalities included pes planus/pes cavus (64 %); abnormal toe placement (71 %); and metatarsus adductus (29 %). The heart abnormalities included valvular heart disease (21 %); atrial septal defects (36 %); and one individual with total anomalous pulmonary venous return. Autoimmune disorders occurred in 31 % of this cohort. Diagnoses included myalgia, arthritis, and hypothyroidism. These autoimmune diagnoses were only identified in female participants. The majority of participants had hearing loss. Twenty-eight percent had a conductive loss; 7 % had sensorineural loss; and 36 % had a mixed hearing deficit. Palatal abnormalities included one person with a cleft lip and palate, one with a high arched palate, four with a sub mucosal cleft palate, and two with an isolated bifid uvula. The neonatal complications included jaundice, apnea, respiratory difficulties, and meconium aspiration. All neonatal complications resolved after the newborn period. Gastroesophageal reflux was also common in this group with 56 % with the diagnosis. Atopic diseases as a group were very common with 12 of 16 (75 %) participants exhibiting some type of atopic allergic disease. Recurrent ear infections were found in 69 %, food allergies in 56 %, allergic rhinitis in 50 %, chronic sinusitis in 50 %, eczema in 44 %, and asthma in 21 %. IgA deficiency was only found in 33 % of participants.
Congenital heart conditions, while common, were not life threatening for most individuals in this group. Four individuals had small atrial septal defects, one has aortic insufficiency and mitral insufficiency with arrhythmia, one has mild pulmonic stenosis, and one had total anomalous pulmonary venous return.
Neuropsychological findings
Timing of the acquisition of motor and language milestones for this cohort is illustrated in Fig. 2 . Although we received data from the parents of all 16 individuals, there are some missing data despite review of medical records and subsequent data follow-up requests. When parents were unsure of exact milestone acquisition we chose to count this information as missing data rather than add potentially inaccurate information to our sample. The age range of skills achievement was very broad. While some individuals achieve developmental milestones within the typical age range of acquisition, on average the group was delayed across all motor and language milestones. One individual stood out from the rest of the group as having more severe cognitive deficits. At 18.7 years of age, this person had not achieved any speech or night-time toilet training. In Table 1 + the feature is present, − feature is not present, M myalgia, P paternal, n/a not assessed or not available, C celiac disease, M maternal, / not applicable, H hyperthyroidism, U undetermined, A arthritis addition, 11 of 13 participants had nighttime enuresis after toilet training, but only one had nighttime encopresis after achieving toilet training. We obtained cognitive data at our center for 13 of the 16 individuals as indicated in the Table. It should be noted that the cognitive data of two individuals who were under the age of three at assessment is difficult to compare to older individuals. The data for Verbal IQ, Nonverbal or Perceptual Reasoning IQ, and Full Scale IQ are shown for each participant at the age at which they were evaluated. The mean Verbal IQ for the group was 82.9 and the mean Nonverbal IQ was 85. The mean full scale IQ score was 76.8. This number excludes the one nonverbal participant whose score was at the floor of the test (50 points). The majority of individuals scored within the low average or low normal range of cognitive abilities.
The results of the parental ratings of their children's behaviors are shown in Fig. 3 . Within the broad continuum of autism spectrum disorders, the data on this group show a mixed pattern. On the Gilliam Autism Rating Scales, the same individual who was markedly developmentally delayed stood apart from the rest, scoring within the "high probability of autism" range, while the remainder of the participants fell into in the "very low risk" to the "possibly" range. The data from the Gilliam Asperger's Disorder Scale (Gilliam 2001) , which assesses for a mild form of autism, fell into two distinct groups: a group of seven who scored well within the normal range and a group of five who scored in the "high probability" of Asperger's range.
The data from the two measures of adaptive functioning (Vineland Adaptive Behavior Scales and the BASC-2 adaptive scales) revealed that the majority of participants have significant problems with activities of everyday life. These include activities related to communication, home living, daily self-care, and managing social and leisure activities in ways similar to same age peers. It is, however, important to note that parental ratings of executive function skills such as impulse control, adapting to unexpected changes, and planning and organizational skills (BRIEF) were rated as typically developing or only somewhat below expectancy. Additionally, most individuals were not described by their parents as having significant difficulties with behavior regulation (BASC-2 externalizing problems) or problems with depression, anxiety or somatization (translation of anxiety into physical symptoms) although one individual has had several psychiatric hospitalizations with an eventual diagnosis of bipolar disorder.
Current status
Ten of the study participants in the reference group are now adults and we have recent information on nine of them. Five have graduated from high school and one has a high school completion certificate as their highest level of education. Three of these six are currently in college or have completed college. Seven live with their parents, one with a host family, and one is married and living with their spouse. Two have part-time paying jobs and one has a parttime volunteer job.
Discussion
The ultimate goal of the Chromosome 18 Clinical Research Center is to make the genomic disorders of chromosome 18 completely treatable. The approach we have taken follows two parallel but interdependent paths. The first path is to apply and evaluate current treatments, thereby defining standards of care for the symptoms in the context of the particular chromosome abnormality. The second is to understand the molecular underpinnings in order to design more targeted and hopefully more effective treatments.
In the case of distal 18q-, we have been challenged in the pursuit of both of these paths by the individual variability of the genotype within our patient population. Because there are no recurrent breakpoints or breakpoint regions on 18q, it is a uniquely heterogeneous genomic disorder. The consequences of this genomic heterogeneity lead to large phenotypic variability. Attempts to provide broad phenotypic summaries have, at best, limited clinical utility. In some cases, such as the dysmyelination example discussed above, phenotypic summaries of 18q-may be misleading.
Because this is a genotypically defined condition, we have begun to subdivide the broad group of people with 18q hemizygosity into subgroups based on genotype. Here we describe a group of 16 individuals who all have breakpoints between SERPINB8 and CDH7, even though, at a molecular level, their breakpoints span a 1.65-Mb region of 18q22.1. We are referring to this cohort as the "Distal 18q-reference group."
The 16 individuals described here are hemizygous for 38 known genes. We anticipate that the majority of these genes are unlikely to have a dosage effect . Twelve of these genes have no data regarding dosage effects and most of these have no information on their biological function. Of the remaining 26 genes, we have classified 20 of them as haplosufficient based on a thorough literature review, meaning there are data suggesting these genes are not causative of an abnormal phenotype when hemizygous. Of the remaining six, five are associated with an abnormal phenotype when hemizygous, indicating that the phenotype is caused by haploinsufficiency. One gene is associated with a phenotype only when other factors are present and is, therefore, classified as conditional. The criteria for determining dosage sensitivity has been described previously (Cody et al. 2009a ) and the current Chromosome 18 Gene Dosage Map is found on our website (http://www.pediatrics.uthscsa.edu/centers/Chromosome18/dosage.asp). This map is continuously updated and designations revised as new information about gene function is published.
Characteristics associated with known genes
Specific genes have been identified for several of the features found in the Distal 18q-reference group. Aural atresia is caused by hemizygosity of the TSHZ1 gene (Feenstra et al. 2011) . Hemizygosity of several genes have been implicated in cognitive abilities, ZNF407 (Ren et al. 2013) and NETO1 (Ng et al. 2009 ).
Characteristics associated with critical regions
Several features do not have causative genes identified but are associated with critical regions within which the causative gene likely resides. These regions are shown in pink in Fig. 4 and are atopic disorders (Linnankivi et al. 2006) , mood disorders (Daviss et al. 2013) , IgA deficiency (Linnankivi et al. 2006) , congenital heart disease (van Trier et al. 2013) , kidney malformations (Cody et al. 2009b; Margarit et al. 2012) , high-frequency sensorineural hearing loss (Perry et al. pers. commun.) , dysmyelination of the central nervous system (Cody et al. 2009a) , growth hormone deficiency (Cody et al. 2009b) , and cleft palate (Eudy et al. 2010 ).
Characteristics without known critical regions or genes Additionally, there are features found in this cohort for which there are neither genes nor critical regions yet identified. These include autoimmune disorders, though there are two candidate genes in the hemizygous region discussed above. These genes are CD226 and NFATC1. However, evidence is inconclusive about the link between these genes and disease caused by haploinsufficiency. Additionally, hypospadias has not been linked to a specific gene or region, though a case could be made that hemizygosity of CYB5A gene could be responsible.
Conversely, there are several dosage-sensitive genes or critical regions without a phenotype in this particular group, implying that the associated phenotype has very low penetrance. In addition to aural atresia, the TSHZ1 gene has also been associated with congenital vertical talus (Mark et al. 2013) . Hemizygosity of the TMX3 gene causes microphthalmia in the heterozygous knock out mouse but with reduced penetrance (Chao et al. 2010) .
A critical region for nystagmus has been identified; however, no one in the Distal 18q-reference group has exhibited this feature (Linnankivi et al. 2006 ). Genome-wide association studies identified a locus at 72.4 Mb associated with bone mineral density (Estrada et al. 2012 ). However, GHD Growth hormone deficiency, CLP Cleft palate. The color of the bar indicates the gene dosage category; green indicates that the mechanism of disease is not haploinsufficiency, gray means the mechanism is unknown and pink means that hemizygosity of this regions can cause the phenotype. The lower section indicates the gene dosage classification for each gene in the region. The classifications are the same as listed above, with the addition of yellow indicating a gene that does not cause a phenotype independently but only in conjunction with an additional gene mutation or environmental factor. Explanations and references for each element of the phenotype and gene tracks are accessible on the website by clicking on those elements to link to a details page GWAS studies do not rely on or implicate a molecular mechanisms. Thus, it is yet unknown if this has implications for individuals with hemizygosity of the region.
In the past, we attributed the large variability in the phenotype to the variability in the genotype. In the case of the Distal 18q-reference group, however, we are able to eliminate the variability of the 18q deletion. Even with essentially the same deletion, there are many features with low penetrance. This implies that hemizygosity lowers the amount of gene product which then, depending on the pathway, is well below the threshold of insufficiency (100 % penetrance), is close to the threshold of insufficiency (50 % penetrance), or is still sufficient for normal function in the absence of other genetic influences (20 % penetrance). This model acknowledges the effect of genetic background and the fact there are still two copies of more than 20,000 genes whose activity impacts the genes in hemizygosity on 18q. Additionally, those characteristics found at very low percentage in this cohort could also be caused by revealed recessive mutations of the genes in hemizygosity.
Clinical recommendations
These data guide the development of clinical recommendations. Children diagnosed with a deletion that includes this region of 18q should
• be evaluated in the newborn period for
• hypospadias • kidney, ureter and bladder abnormalities • umbilical hernias • foot anomalies • congenital heart disease with a low threshold for referral to a cardiologist
• Be evaluated by an ophthalmologist for strabismus • Be evaluated by an audiologist and otorhinolaryngologist for hearing loss on a periodic basis • Have linear growth monitored closely and early referral to a pediatric endocrinologist for slowing growth velocity.
• Be enrolled in an early intervention program that includes, physical, occupational and speech therapy to reduce the delay in these areas as much as possible.
Given that these children are at high risk for developmental delay, it is critical to reduce as many barriers to optimal development as possible to maximize outcomes. Therefore, it is prudent to consider more vigilant monitoring and immediate treatment or interventions, when indicated. While typically developing children can often compensate and hide a single minor deficit in hearing or in vision, children with distal 18q-frequently have numerous deficiencies and a reduced capacity to commentate for challenges and attain skills on a typical schedule.
Care providers and parents should be aware of an increased risk to develop the following problems and seek evaluation if symptoms of these conditions arise:
• Atopic disorders including food, drug, or seasonal allergies, and eczema • Recurrent ear and sinus infections • Mood disorders (depression and anxiety) in childhood and adulthood • Scoliosis • Thyroid abnormalities • Urinary tract issues resulting from a kidney malformation • Constipation • Seizures
Limitations
We assume that there may in fact be unappreciated functional genomic elements within the region of 18q22.1 that encompasses the reference group's breakpoints. Therefore, this group may eventually be appreciated to be less genetically similar than we can recognize at this time. We will also be interrogating this region of the genome to determine if there are functional elements that could account for some of the differences within this group.
Conclusion
The delineation of this reference group serves several purposes. First, the phenotype of this group can be used as a reference for 18q deletions. In our cohort of nearly 200 participants with simple terminal deletions of distal 18q, 40 % have deletions that are smaller, and 60 % have deletions that are larger. Therefore, the phenotype of this group can be thought of as a "median" phenotype. Until the time when we can provide individualized prognoses based on genotype, this summary may be used as a starting point for families trying to understand the implications of an 18q deletion for their child. General clinical summaries typically include every abnormal phenotype ever reported in someone with the deletion. However, in the case of 18q-, it is probably that a large number of individuals are not at risk for these more rare features, inappropriately skewing most summaries of 18q-.
Last, the collective phenotype of this reference group can be used as a reference with which to compare other subgroups. We previously defined the effect of TCF4 deletions on those with 18q genomic deletions (Hasi et al. 2011 ), and we have previously defined several phenotype critical regions that are all within the hemizygous region in this group. Therefore, the reference group data provide a reference point to identify new critical regions for phenotypes not observed in this group that are only present in those with deletions of proximal regions.
